] i played a central role. Conclusions-In CPVT mice, the constitutive [Na + ] i excess of PCs promotes triggered activity and arrhythmogenesis at lower levels of stress than VMs.
C atecholaminergic polymorphic ventricular tachycardia (CPVT) is an inheritable, proarrhythmogenic syndrome that affects ≈1 in 10 000 children. 1 CPVT is characterized by adrenergically mediated bidirectional VT or polymorphic VT that may lead to sudden cardiac death in the absence of structural heart disease. 2 CPVT may be caused by mutations in genes coding calcium handling proteins, including the cardiac sarcoplasmic reticulum (SR) Ca 2+ release (ryanodine receptor type 2 [RyR2]) channel (RYR2), 3 calsequestrin (CASQ2), 4 triadin (TRDN), 5 and calmodulin (CaM). 6 The focus of this article is RYR2. Arrhythmias produced by gain-of-function mutations in RyR2 are postulated to result from destabilization of the channel with increased diastolic SR Ca 2+ leak in ventricular myocytes (VMs), leading to delayed afterdepolarizations (DADs) and triggered activity via the Na + /Ca 2+ exchanger (NCX) current. 7, 8 
Clinical Perspective on p 2359
Using a knock-in mouse model with a point mutation in RyR2 (RyR2 R4496C ), we and others have postulated that Purkinje cells (PCs), not VMs, are the major source of triggered arrhythmogenic activity, including biventricular tachycardia. imaging, early and delayed afterdepolarizations trailed spontaneous Ca 2+ release and were more frequent in CPVT PCs than CPVT VMs. As a result of increased activity of mutant ryanodine receptor type 2 channels, sarcoplasmic reticulum Ca 2+ load, measured by caffeine-induced Ca 2+ transients, was lower in CPVT VMs and PCs than respective controls, and sarcoplasmic reticulum fractional release was greater in both CPVT PCs and VMs than respective controls. [Na + ] i was higher in both control and CPVT PCs than VMs, whereas the density of the Na + /Ca 2+ exchanger current was not different between PCs and VMs. Computer simulations using a PC model predicted that the elevated [Na + ] i of PCs promoted delayed afterdepolarizations, which were always preceded by spontaneous Ca 2+ release events from hyperactive ryanodine receptor type 2 channels. Increasing [Na + ] i monotonically increased delayed afterdepolarization frequency. Confocal imaging experiments showed that postpacing Ca 2+ spark frequency was highest in intact CPVT PCs, but such differences were reversed on saponin-induced membrane permeabilization, indicating that differences in [Na + is also evidence supporting a prominent role for the PC conducting system in triggered activity and arrhythmogenesis in the CASQ2 −/− model of CPVT. 12 These findings have spawned increasing interest in the mechanisms of intracellular Ca 2+ [Ca 2+ ] i homeostasis of the cardiac PCs in both diseased and healthy hearts. PCs have an increased incidence of early afterdepolarizations (EADs) and DADs compared with VMs. 13 PCs have greater sensitivity to arrhythmogenesis in conditions of Ca 2+ overload, produced by agents such as digitalis compounds that block the membrane Na/K ATPase, perhaps in part as a result of reduced transcript abundance of that protein in PCs versus VMs.
14 PCs from CPVT mice have a shorter latency and a lower threshold to develop spontaneous Ca 2+ release (SCR) events than VMs. 11 Whether this applies also to the whole heart and whether SCR triggers premature ventricular complexes that propagate from the Purkinje system to the ventricles remain to be determined. ] i dysregulation in CPVT and explains their increased susceptibility to EADs, DADs, and triggered activity compared with VMs.
Methods
Expanded versions of the Methods are presented in the online-only Data Supplement.
Animals
The study was approved by the University Committee on the Use and Care of Animals at the University of Michigan. RyR2 +/Cx40eGFP+/− (hereafter control) and RyR2 R4496C+/Cx40eGFP (hereafter CPVT) mice were used to enable visualization of the Purkinje network and isolated PCs via green fluorescent protein expression ( Figure I in the online-only Data Supplement).
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Optical Mapping
Optical mapping of the subendocardium was conducted in Langendorffperfused hearts with di-4-ANBDQPQ and rhod-2 am dyes, a single charge-coupled device camera, and a custom-made LED system. 15 Lead I ECGs were acquired and digitized at 1 kHz. 16 The protocol included 4 groups: baseline sinus rhythm, high-frequency (12 Hz) pacing, adrenergic stimulation (3.6 mmol/L Ca 2+ , 160 nmol/L isoproterenol), and high-frequency pacing plus adrenergic stimulation.
Isolation of PCs and VMs
PCs and VMs were dissociated as previously described. 11, 17, 18 For permeabilized membrane experiments, cells were kept in Ca 2+ free stopping buffer. Cells were used for electrophysiological recording within 4 to 6 hours after isolation.
Immunohistochemistry
Immunofluorescence was examined with a Nikon Eclipse Ti inverted confocal microscope with a ×63/1. 
Permeabilized Cellular Ca 2+ Spark Recordings
VMs and PCs were perfused with 50 nmol/L free Ca 2+ internal solution plus saponin 0.005% for 1 minute for membrane permeabilization. Then, cells were perfused for 5 minutes with internal solution containing 2.5 µmol/L fluo-4 penta-K + (LifeTechnologies). Confocal line scan recordings (4-second duration) were obtained and analyzed within 10 minutes after dye loading as described above. Table III in the online-only Data Supplement on the basis of earlier work (but also see Limitations). 19, 21 The functional effects of RyR2 mutations were implemented by lowering the threshold of SR Ca 2+ release. 22 Isoproterenol effects were implemented by altering the maximum conductance of Ca 2+ currents (I CaL and I CaT ), 23, 24 inward rectifier current (I k1 ), and I NaK . 25 Table IV in the online-only Data Supplement provides details.
SR
Results
Subendocardial Origin of Postpacing Triggered Beats
Previously, we demonstrated that polymorphic VT in the CPVT mouse model is attributable to focal discharges at multiple locations within the specialized conduction system. 9 Here, we provide direct evidence of both the origin and the triggering mechanisms of such ectopic activity. Abnormal electric activity was elicited in 6 of 7 (85.7%) CPVT hearts and in 3 of 7 (42.8%) control hearts treated with Tyrode's solution containing high Ca 2+ and isoproterenol after burst pacing. Figure 1A shows a representative volume-conducted ECG tracing from a CPVT heart before and after burst pacing. Rapid electric pacing in the presence of high Ca 2+ and isoproterenol generated a series of ectopic beats immediately after pacing cessation. Each ectopic beat is identified by a number (1) (2) (3) (4) (5) (6) (7) (8) (9) in the red box in Figure 1A .
The precise origin for each of the 9 abnormal beats was identified in endocardial optical maps ( Figure 1B) , with earliest breakthrough points represented by white and magenta regions. These 9 beats were overlaid onto a high-resolution fluorescent image of the heart displaying green fluorescent protein-expressing Purkinje fibers. Initial breakthroughs colocalized with Purkinje fiber sites within the subendocardial conducting network ( Figure 1C ), suggesting that such fibers were the source of arrhythmogenic focal activity.
Spontaneous Ca 2+ Release Precedes Triggered Activity in Subendocardial PCs of the CPVT Mouse
We then examined the temporal relationship between [Ca 2+ ] i release and membrane voltage (Vm) with respect to triggered activity in the subendocardium of CPVT mouse hearts. Hearts were loaded with the Ca 2+ indicator dye rhod-2 am and the voltage sensitive dye di-4-ANBDQPQ. In Figure 2A , simultaneous single pixel Ca 2+ (red) and voltage (black) signals at a Purkinje fiber location (asterisk in Figure 2C ) are displayed with paired ECG recordings (blue). Continuous rapid pacing (dotted line) in the presence of high Ca 2+ and isoproterenol elicited a run of VT (box in Figure 2A ). During VT, the sequence of Ca 2+ and Vm activation signals was opposite sinus rhythm (before pacing). In Figure 2B , examples of 1 sinus discharge (left) and 1 VT discharge (right) emphasize that difference. During the abnormal beat, SCR preceded membrane depolarization, giving rise to a triggered discharge. In Figure 2C , the optical signals were analyzed beat by beat at high spatiotemporal resolution in endocardial Vm-Ca 2+ difference maps. In sharp contrast with sinus and recovery beats, the Ca 2+ transient preceded depolarization during each triggered discharge and the mean map.
Subcellular Distribution of the L-type Ca 2+ Channel and RyR2 in Mouse PCs
The previously demonstrated presence of T tubules in mouse PCs 26 suggests that dyadic structures exist within these cells. Therefore, we assessed whether mouse PCs contain 2 key Ca Figure 3D, right) , which led to the appearance of both EADs and DADs coupled with early and late after Ca 2+ transients. Altogether, CPVT PCs had shorter latencies and a higher incidence and number of events than CPVT VMs, as previously described. 
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Representative baseline and post-isoproterenol Ca 2+ spark 3-dimensional surface plots for CPVT VMs and PCs are shown in Figure 4A , demonstrating a larger number of Ca 2+ sparks in CPVT PCs. In Figure 4B , quantification of Ca 2+ spark recordings revealed that CPVT PCs had a significantly higher baseline Ca 2+ spark frequency (CaSpF) after steady-state pacing compared with control VMs, control PCs, or CPVT VMs (10.4±2.4 versus 2.3±0.6, 4.4±0.9, and 4.4±1.3 sparks per 100 µm/s at 3 Hz, respectively; P=0.0002, P=0.0174, and P=0.0162). In Figure 4C , addition of isoproterenol (10 nmol/L) significantly and progressively increased CaSpF in all groups, with CPVT PCs having the highest CaSpF at all the time points recorded.
Decreased SR Ca 2+ Load and Increased SR Fractional Release in CPVT
We next characterized the state of the SR Ca 2+ load in CPVT PCs. Representative caffeine-induced Ca 2+ transients after 3 Hz of steady-state pacing are illustrated in Figure 5A . In Figure 5B , the maximum amplitude of the caffeine-induced Figure 5C ) and CPVT PC versus control PC (59.2±11.3% versus 33.1±5.7%; P=0.0449), suggesting that Ca 2+ gain was similarly altered by RyR2 gain of function in CPVT. Thus, the CPVT RyR2 mutation increased CaSpF, especially in PCs (Figure 4) , despite a reduction in SR Ca 2+ load.
Slower Cellular Ca 2+ Extrusion in PCs Compared With VMs Is Attributable to Sarcolemmal Ionic Gradients
Time to 50% decay of the caffeine-induced Ca 2+ transient, an indirect measure of NCX activity, was significantly prolonged in control PCs compared with control VMs (3.83±1.39 versus 1.51±0.12 seconds; P=0.0218; Figure 5D ) and in CPVT PCs compared with CPVT VMs (3.46±1.61 versus 1.31±0.09 seconds; P=0.0359). There was no significant difference in this parameter between ventricular groups and between Purkinje groups. Whole-cell patch-clamp experiments revealed that I NCX was similar in all 4 cell groups (I NCX at 100 mV in control VMs, 1.7±0.4 pA/pF; CPVT VMs, 2.3±0.5 pA/pF; control PCs, 1.9±0.3 pA/pF; CPVT PCs, 2.0±0.2 pA/pF; P=0.9158; Figure 5E ). Thus, although a slower caffeine-induced Ca Figure 5F shows the average calibrated measurements for each group, and representative examples can be found in Figure VIII in 27 This is in line with the studies of Chapman 28 showing the relationship between intracellular Na activity and its sensitivity to temperature. Figure IV in the online-only Data Supplement). 18 Moreover, the model was able to reproduce the experimentally observed biphasic calcium transients resulting from both radial and longitudinal diffusion components ( Figure IVC and IVD in the online-only Data Supplement).
Higher
In Figure 6A , the PC model with SCRs enabled was burst paced at 5 Hz for 10 seconds to overload the SR with calcium. At the end of pacing, a triggered AP was followed by a DAD, both of which were mediated via the cytosolic calcium waves. Similar to what happened in the experiments (Figure 3) , simulating the effects of isoproterenol in the PC model significantly increased the frequency of SCR, thereby producing sustained DAD-induced triggered AP, as shown in Figure 6B . These results are in full agreement with our previously reported results in CPVT mice 9, 11 and the experimental data presented above.
The [Na + ] i levels in the PC model were elevated by scaling I NaK to 85%, 75%, and 65% of the control values (Table III in (Table VI in the online-only Data Supplement). Thus, the fast and slow inactivation gates, namely h and j, in the sodium current formulation did not change significantly ( Figure X and Table VI in the onlineonly Data Supplement), indicating that the inactivation kinetics of sodium channels was not altered at the elevated [Na] i levels. We also investigated the effects of blocking I NaL in our model. As listed in Table VII and shown in Figure XI in the online-only Data Supplement, blocking I NaL abbreviated the APD (both APD 50 and APD 90 ) at all levels of [Na] i ; however, dV/dtmax and Vrest were not altered significantly. When SCRs were implemented in these models of elevated [Na + ] i , we observed frequent DADs ( Figure 7A ). The DADs were always preceded by SCR events from the leaky RyR channels ( Figure 7B ). These RyR2 leaks initiated cytosolic Ca 2+ waves, thus elevating the local Ca 2+ concentration in the subsarcolemmal region. The elevated Ca 2+ levels in the subsarcolemmal region activated the inward component of NCX, thereby producing DADs.
Membrane Permeabilization Reverses the Differential CaSpF in PCs Versus VMs
To provide further direct evidence that a higher [Na] i makes PCs more susceptible to RyR2 dysfunction than VMs, we measured Ca 2+ sparks in saponin-permeabilized PCs and VMs. Figure 8A through 8D shows representative confocal line scan recordings of Ca 2+ sparks in saponin-permeabilized control VMs, control PCs, CPVT VMs, and CPVT PCs with 50 nmol/L free Ca
2+
. The CPVT mutation increased CaSpF significantly in CPVT VMs compared with control VMs (11.5±0.5 versus 5.8±0.5 sparks per 100 µm/s, respectively; P<0.0001; Figure 8E ) and CPVT PCs to control PCs (8.0±0.7 versus 4.8±0.6 sparks per 100 µm/s, respectively; P=0.0317; Figure 8E ). However, unlike intact cells (Figure 4) , the CaSpF in control PCs was similar to that in control VMs (4.8±0.6 versus 5.8±0.5 sparks per 100 µm/s, respectively; P=0.3087; Figure 8E ). Most important, CPVT PCs had lower CaSpF compared with CPVT VMs (8.0±0.7 versus 11.5±0.5 sparks per 100 µm/s, respectively; P=0.0087; Figure 8E ).
Discussion
The major findings of this work may be summarized as follows. First, SCR preceded triggered activity in RyR2 R4496C+/− CPVT hearts, whereas initial AP breakthrough points colocalized with the Purkinje conduction network, suggesting that PCs are the source of triggered activity in CPVT hearts. Second, in control and CPVT cardiomyocytes, CaSpF was greater in PCs than VMs at baseline and under β-adrenergic stress, reflecting increased activity of RyR2 channels. Third, CPVT mutation decreased SR Ca 2+ load and increased fractional shortening in both PCs and VMs compared with control, suggesting that RyR2 Ca 2+ sensitivity was equally increased by the CPVT mutation in PCs and VMs. Fourth, caffeine-induced Ca 
Subcellular Expression and Distribution of the L-type Ca 2+ Channel and RyR2 Channels in Mouse PCs
The observation that (at least some) mouse PCs contain T tubules suggests the presence of normal dyadic structures that form at the sites of Ca 2+ release at the junctional SR/T tubule membrane interfaces. Using fluorescent immunocytochemistry, we found that both control and CPVT mouse PCs express Ca V 1.2 and that this protein colocalizes with RyR2 to the same discrete subcellular locale, although with higher intercellular and intracellular heterogeneity than in VMs ( Figure V in the online-only Data Supplement). These findings suggest that the main protein components of the classic Ca 2+ -induced Ca 2+ release process in VMs are present but are more heterogeneous in PCs.
Ca
2+ Handling in Cardiac PCs
Although Ca 2+ handling in VMs has been extensively studied and is relatively well understood, such is not the case for cardiac PCs. Previous studies have demonstrated that PCs are different from VMs, both morphologically and electrophysiologically. 9, 18, 29 We investigated whether inherent differences between the 2 cell types affect Ca 2+ regulation and underlie the enhanced vulnerability of cardiac PCs over VMs to RyR2 dysfunction in CPVT. PCs are more arrhythmogenic than VMs in CPVT mice, and previous studies support the hypothesis that arrhythmias in the RyR2 R4496C+/− mouse are caused by enhanced/abnormal diastolic Ca 2+ release through defective RyR2 channels. 9, 11 In this context, we sought to determine in the whole heart the role that cellular Ca 2+ sparks reflect cellular in situ activity of the RyR2. Therefore, it is well known that RyR2 Ca 2+ sensitivity within Ca 2+ release units correlates with a higher CaSpF. As shown in Figure 4 , diastolic Ca 2+ leak was higher in RyR2 R4496C+/− mutant PCs compared with all other cell types, both at baseline and under β-adrenergic stress. To the best of our knowledge, this is the first time that Ca 2+ sparks have been recorded in isolated murine PCs. An increased CaSpF resulting from increased RyR2 sensitivity is also in accordance with a decrease in SR Ca 2+ load and an increase in SR fractional release, both of which were observed in CPVT PCs ( Figure 5 ). Taken together, our results support the hypothesis that enhanced diastolic Ca 2+ leak in PCs is responsible for triggered activity arising from the conduction system. Furthermore, we found that permeabilization of the membrane terminates this cell type-dependent difference in CaSpF (Figure 8 ). Together, these data suggest that a difference in the intracellular milieu that results from different transporters at the sarcolemmal membrane is an essential factor in making the PC more vulnerable to Ca 2+ dysfunction than the VM.
What Is the Mechanism of the Increased Ca 2+ Leak in the PCs?
We found that the caffeine-induced Ca 2+ transient time to 50% decay was significantly prolonged in PCs. The caffeine transient decay time provides an indirect measure of NCX-mediated cytosolic Ca 2+ removal. Therefore, this would suggest that, at least after pacing, PCs in general have decreased activity of NCX compared with VMs. Through patch-clamp experiments, we determined that this is not attributable to decreased functional levels of NCX because I NCX was not different among all 4 cell groups studied ( Figure 5E ). We postulate that the slower caffeine-induced Ca 2+ transient decay time observed in control and CPVT PCs likely reflects changes in ionic gradients, particularly Na + gradients, which would slow NCX extrusion. Given that in the mouse heart PCs have a reduced density of T tubules 26 and larger I Na density and are hyperpolarized compared with VMs, 18 it is reasonable to suggest that they are prone to Na + overload, which could also decrease postpacing NCX Ca 2+ extrusion. We measured [Na + ] i and found that it was increased in PCs compared with VMs ( Figure 5F ), which is consistent with what has been shown in canine PCs. 30 Higher Na + load in PCs was also found in cells from CPVT hearts. 31 and by our own simulations ( Figures 6 and  7) . To the best of our knowledge, these results have not been reported previously in mouse PCs or in the context of inherited arrhythmogenic disease.
Intracellular Ca 2+ Handling in Mouse PCs
PCs are different from VMs both morphologically and electrophysiologically. 10, 11, 18, 32 In addition, [Na + ] i and Ca 2+ homeostasis mechanisms are different in PCs and VMs. 33 In larger mammalian species, it has been shown that PCs have 2 types of SR, junctional and corbular, 34 and that this may underlie a Ca 2+ activation process that is peculiar to the cell type and perhaps to the species. 35 For example, studies in canine PCs have shown that on electric stimulation there is an initial uniform Ca 2+ rise under the cell membrane that propagates to the central core region via Ca 2+ -induced Ca 2+ release. 36, 37 On the other hand, in CPVT, leaky RyR2 channels can initiate a Ca 2+ wave that propagates from the core of a PC back to the membrane and causes depolarization. This reverse propagation of Ca 2+ as a wave may then travel through the single PC, between cells, and along a fiber. 20 On the basis of all the above, we propose that the constitutive excess of [Na + ] i in PCs with respect to VMs leads to PC [Ca 2+ ] i overload-induced SCR and triggered activity through an Na + overload-dependent decreased cytosolic Ca 2+ extrusion mechanism. This potential mechanism becomes even more feasible when we consider that bidirectional VT has thus far been strongly associated only with CPVT and digitalis toxicity. 1, 2, 38, 39 Indeed, the mechanism of action of digitalis is thought to be that of Na + -dependent [Ca 2+ ] i overload through impaired NCX-mediated Ca 2+ extrusion occurring as a consequence of Na + /K + ATPase inhibition. 40 The functional density of Na + /K + ATPase in the T tubules of VMs is 3-to 3.5-fold higher than in the lateral sarcolemma, and VMs have a ≈4-to 20-fold higher density of T tubules than PCs, depending on species, which may explain the higher conduction velocities in PC networks than VM. 21 
Limitations
We have not conducted direct measurements of [Na + ] i using Na + -selective microelectrodes, 41 but our SFBI measurements were calibrated at the end of each experiment according to previous studies. 27 Some research groups have proposed a "triple layer" of Ca 2+ activation in canine PCs involving IP3 receptors. 20 However, this mechanism may not hold true across different mammalian species. Although permeabilization of the cell membrane likely abolished the differences in [Na + ] i between PCs and VMs, at this point, we cannot exclude the possibility that the loss of an intracellular soluble factor contributed to the reversal of the different PC versus VM postpacing CaSpF. Obviously, although data on [Na + ] i differences in ventricular cells and Purkinje fibers obtained in mice and computer simulations can provide great insight into molecular and ionic mechanisms of inheritable cardiac diseases such as CPVT, extrapolation to other species and the human condition needs to be conducted with extreme caution. In our computer simulations, we have modeled elevated [Na + ] i on the basis of a reduced density of the I NaK in PCs versus ventricular cells as in earlier studies. 31 However, whether differences in this current or those of other important regulators of [Na + ] i homeostasis such as the sodium-hydrogen exchanger and sodium-bicarbonate symporter 42 are important is unknown and will have to be investigated systematically in future studies. We have not accounted for alterations in both the hydrogen ion homeostasis and cell-coupling effects of the elevated Na values in PCs seen in our present study, which will need to be examined in the future. This is important because earlier studies have shown an important and complex relationship between changes in pH, [Na + ] i , and rate of stimulation, 43 which may have implications for the generation of DADs. 44 Finally, unlike in other experimental models such as dogs, 45 mouse Purkinje fibers exhibit a similar density of the inward rectifier K + current (I K1 ) in PCs and VMs, as shown in our earlier study. 19 Thus, I K1 does not play a role in the preferential formation of DADs in PCs compared with VMs, at least in mice, but this cannot be ruled out for other species, including humans.
Conclusions and Clinical Implications
CPVT is a congenital, proarrhythmogenic syndrome characterized by dangerous ventricular arrhythmias that appear under stress. CPVT has been linked to mutations in cardiac Ca 2+ handling proteins, yet new evidence has shown that the cardiac Purkinje network appears to be involved in the initiation of bidirectional VT and PVT in this disease. This work has shed new light on the mechanisms of Ca 2+ -linked ventricular arrhythmias arising from the cardiac Purkinje network in CPVT mice. Although translation from mouse model to humans is not trivial, our results present PC Na +
